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1. Introduction

During Run 1 of the CERN LHC data taking, a new particle consistent with the Higgs boson
of the Standard Model (SM) was discovered [1,2]. The consistency of the new particle with the
SM prediction implied that there may be new physics beyond the SM (BSM) at or around the elec-
troweak scale because the mass of the Higgs boson is otherwise unnaturally small. This theoretical
inconsistency is referred to as the hierarchy problem. As the Run 2 of the LHC started, the colli-
sion energy was significantly increased allowing for better reach for new physics and many direct
searches have been performed with the Run 2 data. However, so far no hints of direct evidence of
new physics have been seen yet!.

The new physics could be evading our current searches for a few reasons. The new physics
may be just beyond our current constraints in which case it will most likely be confirmed with
the Run 3 data. It could also be that new physics produce signatures that closely resemble known
SM processes but with small rate and therefore becomes difficult in detecting. Lastly, it is also
possible that new physics is simply beyond the energy reach of the LHC. If the new physics is
beyond the energy reach of the LHC, then it will not be possible to directly produce a new particle
at the LHC. Instead, the effects of the new physics will manifest themselves in the data through
new interactions between known SM particles [3-5]. This is illustrated in Figure 1(a) where the
new degrees of freedom from a BSM model with mass my that is larger than the LHC’s collision
energy Epyc are integrated out leaving only the interaction between known SM fields.
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Figure 1: Cartoon of BSM effects in the tails

These possible new interactions can be systematically described by a framework called the
SM Effective Field Theory (SMEFT) [7]. In this framework, a complete set of higher dimensional
operators constructed out of known SM fields are put together. If there is a non-zero effect from
one or some of the higher dimensional operators the effects will show up in the data as a deviation

IFor complete exclusion summaries see: https:/atlas.web.cern.ch/Atlas/fGROUPS/PHY SICS/CombinedSummaryPlots/
and http://cms-results.web.cern.ch/cms-results/public-results/publications/
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from the SM prediction. Due to the dimensionality of these operators, the effects tend to be most
pronounced in the tails of kinematic distributions, while the bulk of the kinematic distribution still
roughly follows the SM prediction. Therefore, searching for tails in kinematic distributions serves
as a complementary approach to the more traditional bump hunt strategy. It should be noted that the
bulk can also be modified by BSM models and hence measuring the bulk distribution also provides
an essential confirmation of the SM.

Out of these higher dimensional operators, a handful of them predict modifications to interac-
tions between gauge bosons. Therefore, SM processes involving multiboson interactions serve as
an excellent testing ground to probe new physics. As an example, a dimension-8 operator of the
type,

Ora =Tr [Woqu WP | Tr Wy, W] (1.1)
can lead to modifications in the distribution of the transverse mass of the WZ system in the pp —
WZjjprocess. This can be seen from Figure 1(b) where the modification to the m7 y 7z distribution
from the O7, operator is highlighted in the dashed green line. The effects are most visible in
the rare events in the tail with high energy and hence measuring the tail of such distributions can
indirectly probe BSM physics. Although not easily visible, the bulk distribution also gets modified
but with a lesser degree. Therefore, if a process at hand has a small cross section, simply measuring
the rare process can also indirectly probe BSM physics.

There are many results from both ATLAS and CMS experiments [8,9] related to the search or
measurement of processes with multiboson interactions. This proceeding will cover some of the
recent highlights presented at the LHCP 2019.

2. Studies of multiboson interactions in semi-leptonic final states

In general SM processes with multiboson interactions have small cross sections due to elec-
troweak coupling constants. Searches with fully-leptonic decay of the VV (V =W or Z) processes,
therefore, have a cleaner signature with better sensitivity. In fully-leptonic final states, often the
process with the highest cross section is the signal itself, or other VV processes with a relatively
comparable cross section. Final states with semi-leptonic decay of the V'V processes, on the other
hand, have SM backgrounds from V +jets production, which has a much higher cross section, mak-
ing it difficult to dig out the V'V signal process from the large V +jets background.

When considering BSM effects from higher dimensional operators, the picture changes. Due
to the smaller branching ratio of the V bosons to leptonic final states, the number of expected high
energy tail events for the fully-leptonic final states is significantly lower than that of the semi-
leptonic final states. In conjunction with the fact that the BSM effects can have a sizable enhance-
ment at the tail of the distributions, studying the semi-leptonic final states can probe the BSM
effects much further in the tail. This is illustrated in Figure 2. The leptonic final states searches
for rare diboson processes have already either established an observation (> 50) or an evidence
(> 30) for the bulk distributions for various VV + X processes [6, 10-14].

2.1 Studies of vector boson scattering processes in semi-leptonic final states

The semi-leptonic final states searches with particular focus on the tail of the distribution have
been done by the CMS experiment [15]. The analysis targets signals produced via vector boson
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Figure 2: [llustrating the complementarity between fully-leptonic and semi-leptonic final states.

scattering (VBS). The VBS processes have a characteristic signature where the accompanying jets
(VBS jets) form a large invariant mass with a larger rapidity gap; This search uses boosted tech-
niques to tag the highly energetic hadronically decaying V boson merging into a single fat-jet J. The
analysis was performed in one or two lepton final states targeting the processes such as WV — ¢vJ
or ZV — (¢J. Figure 3(a) shows the invariant mass of the WV — ¢vJ system. The BSM enhance-
ment to the SM expectation is shown in the dashed line histograms. Although the single V -+jets
processes in the bulk are very large as discussed previously, in the tail of the distribution with a
high invariant mass of the WV system, the BSM signal has non-zero expected yields and has a rate
larger than that of the V +jets background. This analysis placed limits on the higher dimensional
operators (specifically the dimension-8 operators) and has the most stringent limits to date for the
operators probed in the analysis [15].

A similar search has been done in the ATLAS experiment as well [16]. The ATLAS analysis
has targetted not only the tail of the distribution with merged fat-jet but also the cases where the
hadronically decaying V leaves two resolved jets. The analysis also targets one or two lepton
final states. But, in addition, it targets zero lepton final states, where it targets ZV — vvJ events. A
dedicated boosted decision tree (BDT) has been trained to enhance sensitivity to the rare signal over
large V +4-jets background. Figure 3(b) shows the BDT distribution for the two leptons plus a fat-jet
final state. This analysis also uses novel techniques designed to separate quark vs. gluon initiated
jets. This is particularly useful as the large V +4-jets backgrounds can be accompanied by both quark
or gluon initiated jets while signal process events always contain only four quark initiated jets. The
signal regions are split into 9 different regions and the respective BDT distribution in each region is
fitted simultaneously to extract the signal. The observed and expected sensitivity is 2.7¢ and 2.5
respectively.

2.2 Studies of diboson processes in semi-leptonic final states

The CMS experiment also performed a search in semi-leptonic final states of diboson produc-
tion involving triple gauge-boson couplings (TGCs) [17]. The signal process is pp — V'V without
any VBS jets. The analysis also utilizes boosted techniques to tag the merged fat-jet from a hadron-
ically decaying V boson. Figure 4(a) shows the invariant mass distribution of the pp — WV — evJ
system. Although the actual pp — WV process is well below the very large W +-jets background
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Figure 3: Key discriminating variables from the ATLAS and CMS collaborations’ analyses on the

vector boson scattering in semi-leptonic final states.
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Figure 4: Key discriminating variables from the diboson and VBF W analysis from CMS.

process, starting around myy > 2.5 TeV the BSM effects from the higher dimensional operators be-
come dominant over the W -+jets. Both the signal and the background distributions are parametrized
using a series of exponential functions and fitted simultaneously to extract limits on the dimension-
6 operators (viz. Owww, Ow, and Op). The analysis is not sensitive to the SM rate of the WV boson
over a large W+jets background but places the most stringent limits on some of the dimension-6
operators to date. The limits on the coefficients of the dimension-6 operators (represented as c;/A?)

are shown in Table 1.

2.3 Single W production via vector boson fusion

Contrary to naive expectation, the process pp — W jj involves multiboson interactions. The
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Table 1: Expected and observed limits on the dimension-6 SMEFT operators as well their observed
best-fit values from the diboson analysis in semi-leptonic final state [17].

Operator coefficients ‘ Expected limit Observed limit Observed best-fit

cwww /A2 [-1.44,1.47] [-1.58,1.59] -0.26
cw /A? [-2.45,2.08] [-2.00,2.65] 1.21
cg/N? [-8.38,8.06] [-8.78,8.54] 1.07

Table 2: Expected and observed limits on the dimension-6 SMEFT operators from the VBF W
analysis [18].

Operator coefficients ‘ Expected limit  Observed limit

cwww /A2 [-2.5,2.5] [-2.3,2.5]
cw /A2 [-16,19] [-8.8,1.6]
cp/A? [-62,61] [-45,46]

Feynman diagram is the same as the process studied in Section 2.2 except through crossing. The
production of a single W boson occurs through a fusion of the two V bosons radiated from the
incoming partons and hence is called vector boson fusion (VBF). The accompanying jets (VBF
jets) from the process also exhibits the same characteristics as the VBS jets.

CMS has performed an analysis targeting pp — W jj [18]. A multivariate discriminant is
obtained by training the BDT classifier. This analysis also utilizes a quark-gluon tagging technique
in order to separate W+-jets background from signal where the signal’s VBF jets are always quark
initiated jets. The final BDT discriminant is fitted to extract the signal. The analysis has established
the signal with well over > 50 significance. The analysis then bins the events by the transverse
momentum of the leptons pr ¢ and extract limits on dimension-6 operators. Figure 4(b) shows the
distribution of the pr,. The effects from the dimension-6 operators are shown at the tail of the
distribution as expected. The limits to the dimension-6 operators are shown in Table 2. In the case
for the dimension-6 operators Oywww, the constraint is weaker but comparable to the pp — WV
analysis presented in Section 2.2, demonstrating complementarity between the two analyses.

3. Triboson production

The couplings between the gauge bosons are fully determined by the non-Abelian gauge struc-
ture of the theory, namely the SU(2); x U(1)y. Therefore, measurements of triboson productions
are sensitive to the TGCs and the QGC between the massive bosons (i.e. W or Z). As discussed in
Section 2 multiboson interactions have been established through various measurements and there-
fore it necessarily implies that there are additional contributions to the production process of tribo-
son final states through TGCs and QGCs.

Figure 5 shows the tree-level diagrams of the production of three massive bosons. From the
figure, it can be seen that in addition to the diagram with gauge bosons radiating off from quark
lines, there are diagrams involving TGCs and QGCs. In addition, the recent Higgs boson discovery
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[1,2] and subsequent measurements on its VV H couplings [20-27], which confirms the couplings
between the newly found scalar boson and massive gauge bosons, further implies that the triboson
production of massive bosons should also occur in pp collisions via the newly found scalar particle.
This is also illustrated in Figure 5 through the triboson production diagram via VVH couplings.
Therefore, direct observations of the triboson productions of three massive bosons serve as essential
confirmations of the SM predictions.

q Vi g Vi
q Vi v, 94
V2 VZ V2 ﬁ[ VZ
q Vi g Vs 94 Vi q Vs

Figure 5: Tree-level Feynman diagrams of triboson productions (V; = W,Z), where the triple
gauge-boson coupling, quartic gauge-boson coupling, and VV H couplings are marked by o, e, and
©, respectively.

CMS has performed an analysis in the search for the WWW production process [19]. The
analysis was performed in the same-charge dilepton final states (SS) and trilepton final states. When
the signal events decay into the SS final states, the remaining W must decay hadronically which
can be tagged via identifying the two jets from its decay. The analysis, therefore, separates events
based on whether the hadronically decaying W is tagged or not. The selected events are further
separated based on the lepton flavors. A total of nine signal regions was fitted simultaneously to
extract the signal. The yields in each signal regions are shown in Figure 6(a). The observed and
expected sensitivity is 0.60 and 1.8¢ respectively. The Sy distribution, defined as the scalar sum
of all the transverse momentum of the objects in the event, is fitted to extract the limits on the
dimension-8 operators. As seen in Figure 6(b), the BSM tail events are expected to dominate at the
high tail of Sy distributions. The limits on the dimension-8 operators placed from the analysis are
shown in Table 3.
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Figure 6: Figures from the CMS WWW analysis [19].
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Table 3: Expected and observed limits on the dimension-8 SMEFT operators from the WWW
analysis [19].

Operator coefficients ‘ Expected limit  Observed limit

fro/N? [-1.3,1.3] [-1.2,1.2]
fri/A? [-3.7,3.7] [-3.3,3.3]
fra/\? [-3.0,2.9] [-2.7,2.6]

ATLAS has performed an analysis in the search for the triboson production process as well
[28]. The search takes all three WWW, WWZ, and WZZ as the signal process. The SS final states,
trilepton final states, and four-lepton final states have been studied. For the events in the SS final
states, the dijet invariant mass distribution of the two jets tagged as the hadronically decaying W
is fitted to the data to extract the signal. Figure 7(a) shows the dijet invariant mass distributions.
For the four-lepton final states analysis, dedicated BDTs are constructed to extract the signal. Fig-
ure 7(b) shows the BDT distribution in the final states with a pair of same-flavor lepton tagged
as originating from Z plus an opposite-charge pair of eyl events. The region exhibits high signal
purity. The signal strength for the VV'V process is extracted by simultaneously fitting all the dis-
tributions in different lepton final states. Figure 7(c) shows the signal strengths for different signal
regions and the combined signal strength. The observed signal strength is 1 = 1.40*_'8%2 and the
observed (expected) significance is 4.00 (3.10).
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Figure 7: Figures from the ATLAS VVV analysis [28].

4. Future prospects

The upcoming high luminosity LHC (HL-LHC) program is expected to run at an unprece-
dented level of instantaneous luminosity. The projected number of integrated luminosity is 3ab~"'.
It will allow for the rare processes discussed in previous sections to be accessible at much higher
precision. Many of the SM processes that are currently being established with either 3 or 56 will
be measured at a few percent levels and HL-LHC will allow both ATLAS and CMS collaboration
to measure differential cross section measurements. There are many projection studies made in
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regards to SM processes with multiboson interactions [29]. We will discuss one example in this
proceeding from the myriad of studies.

One of the important questions that arose after the discovery of the Higgs boson is whether
the newly found particle is the SM Higgs boson. Whether the newly discovered boson preserves
unitarity of the VBS amplitude at all energies, or new other processes are involved is still un-
known [30-32]. In particular, measuring the differential cross section of pp — WLjEWLjE jJj, where
W indicates longitudinally polarized W boson, is noted as one of the most crucial test of the SM
prediction and both ATLAS and CMS experiments have studied projected sensitivity with the ex-
pected amount of data from the HL-LHC program.

Disentangling longitudinally polarized W bosons from transversely polarized W bosons is not
easy. One of the discriminating variables is the opening angle between the two VBS jet |A¢;;|.
Fitting on the distribution of the |A¢;;| one can extract the longitudinally polarized WW scattering
process cross section. Results for the expected significances as a function of integrated luminosity
from both ATLAS and CMS [33,34] are presented in Figure 8. With the full HL-LHC data set, the
expected sensitivity ranges between 1.70 to 2.70.
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Figure 8: Sensitivity estimate with the HL-LHC data set of the longitudinally polarized WW scat-
tering from (a) ATLAS and (b) CMS collaboration [33,34].

5. Conclusions

A brief overview of various studies of rare processes involving multiboson interactions per-
formed by the ATLAS and CMS experiments has been presented. Rare processes in final states
ranging from single to three boson final states are now being accessible as the integrated luminos-
ity provided by the LHC increased dramatically over Run 1 data set. Active usages of boosted
techniques and machine learning are being deployed for better sensitivity to new physics. We look
forward to a rich interplay between theory and experiments in these final states for the Run 2 and
beyond.
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